Dendritic cells (DC) are the most potent antigen-presenting cells (APCs). Immature DC reside in peripheral tissues effectively capture and process exogenous protein and migrate to peripheral lymphoid tissues. After the uptake of antigen and exposure to inflammatory agents, DC undergo a process of maturation such that they have a greatly diminished capacity for antigen uptake and processing.
ecular patterns that are shared by large groups of microorganisms. Toll-like receptors (TLRs) function as the PRRs in mammals and play an essential role in the recognition of microbial components.
14) The TLRs may also recognize endogenous ligands induced during innate immuneresponses. TLRs are type I transmembrane proteins that are evolutionarily conserved between insects and humans. 15) Toll was first identified as an essential molecule for embryonic patterning in Drosophila and was subsequently shown to be key in antifungal immunity. 16) Of the 10 TLRs discovered to date, TLR2 is activated primarily by lipoproteins and glycolipids, [17] [18] [19] [20] TLR4 is predominantly activated by LPS and lipoteichoic acid, 21, 22) TLR5 recognizes flagella from outer membrane of Gram-negative bacteria, 23) and TLR9 firstly recognizes CpG DNA. 24, 25) Recent studies showed that TLR2 and TLR4, which are the signaling components of LPS and consequently trigger its cellular transduction, led to NF-kB activation and DC maturation. [25] [26] [27] The adjuvant activity of bacterial products is important not only for antibacterial responses induced by peripheral DC but also for vaccine development. However, LPS is excluded because of its high toxicity, as it is one of the main causes of septic shock in humans. 28) It has not been reported yet whether TLR signaling can be activated by polysaccharides isolated from naturally occur- Mushroom polysaccharides are increasingly being utilized to treat a wide variety of diseases. Phellinus linteus proteoglycan (PL) has been reported to have anti-tumor and immunomodulatory properties. However, the cellular and molecular mechanism underlying its therapeutic effect is poorly understood. In this study, we investigated whether PL induces the phenotypic and functional maturation of murine bone marrow-derived dendritic cells (DC) and the possibility that Toll-like receptors (TLRs), which are known to be involved in immune-related responses, may be the receptor(s) of PL. The expression of surface molecules, including major histocompatibility complex (MHC) class II and CD86, increased on DC that were stimulated in a dose-dependent manner with PL, in comparison with unstimulated DC. Furthermore, PL increases the production of IL-12 by DC, as well as the IL-2 secretion and proliferation of allogeneic T cells. In addition, the activities of PL on DC were significantly reduced by treating the cells with anti-TLR2 or anti-TLR4 antibody (Ab) prior to PL, suggesting that both of them are possible receptors of PL. Also, maturation of DC by PL was able to directly activate mitogen-activated protein kinases (MAPKs), such as ERK1/2 and p38, and the nuclear transcription factor NF-k kB p65. Also, the pretreatment of DC with inhibitors of NF-k kB p65, and ERK and p38 MAPK signal pathways inhibited PL-induced up-regulation of surface molecules, such as MHC class II and CD86, and IL-12 production. Our results demonstrated that PL stimulation could induce the phenotypic and functional maturation of DC via TLR2 and/or TLR4 mediated-NF-k kB, ERK and p38 MAPK signal pathways.
Proteoglycan Isolated from Phellinus linteus Induces Toll-Like Receptors 2-and 4-Mediated Maturation of Murine Dendritic Cells via Activation of ERK, p38, and NF-k kB
ring mushrooms, although workers in the biomedical field have studied many mushroom-derived polysaccharides. Especially, we previously reported that proteoglycan (PL) isolated from Phellinus linteus was previously shown to increase lymphocyte proliferation, T-dependent antibody responses and macrophage activation. [29] [30] [31] Furthermore, proteoglycan significantly inhibited the metastasis and growth of B16 melanoma cells and prolonged the survival time of tumor-bearing mice. 32) However, the cellular and molecular mechanism underlying its therapeutic effect is poorly understood. Furthermore, we investigated whether PL induces the phenotypic and functional maturation of DC and the possibility that TLRs, which are known to be involved in immunerelated responses, may be the receptor(s) of PL. We have shown for the first time PL activating the phenotypic and functional maturation of DC the activation of ERK1/2 and p38 MAPK mediated TLRs in DC. Also, PL was observed increasing the nuclear translocation of NF-kB p65. . They were housed in specific pathogen-free enclosures in our animal facility for at least 1 week before use. Basic characteristic analyses of PL were reported in our previous study.
MATERIALS AND METHODS

Animals and Preparation of PL
33)
Generation of Murine Bone Marrow (BM)-Derived
Myeloid DC BM-derived myeloid DC were generated as described previously in detail, 34) with minor modification. Briefly, bone marrow cells from the femura and tibiae of C57BL/6 mice were flushed and depleted of red blood cell (RBC) by hypotonic lysis using RBC lysing buffer (Sigma). Cells were grown from precursors at a starting concentration of 1ϫ10 6 cells/ml in RPMI 1640, supplemented with 10% v/v heat-inactivated FBS, L-glutamine, nonessential amino acids, sodium pyruvate, penicillin-streptomycin, HEPES, 2-ME (all from Sigma) for 3 h and then non-adherent cells were washed out. Twenty ng/ml rmGM-CSF and 20 ng/ml IL-4 were given to the culture medium referred to subsequently as complete medium. In parallel experiment, either PL (10, 50, or 100 mg/ml), or LPS (serotype 0111:24; Sigma) as a positive control was added to the culture medium on day 5. On day 6 of culture, non-adherent and loosely adherent cells were collected as BM-derived myeloid. The cells were mainly composed of CD11c ϩ cells (Ͼ85%: CD3 
.).
Cytokine Assay Cells were first blocked with 10% v/v normal goat serum for 15 min at 4°C and then stained with FITC-conjugated CD11c antibody for 30 min at 4°C. Cells stained with the appropriate isotype-matched Ig were used as negative controls. The cells were fixed and permeated with the Cytofix/Cytoperm kit (PharMingen) according to the manufacturer's instructions. Intracellular IL-12p40/p70 was stained with fluorescein R-phycoerythrin (PE)-conjugated antibodies (PharMingen) in a permeation buffer. The cells were analyzed on a FACSCalibur flow cytometer with the CellQuest program. Furthermore, IL-12p70 from DC was measured using an ELISA kit (PharMingen) according to the manufacturer's instructions. The detection limits for IL12p70 was 7.8 pg/ml.
Endocytosis Assay To analysis endocytosis of DC, 1ϫ10 5 cells were incubated at 37°C for 1 h with 1 mg/ml dextran-FITC (42000 Da; Sigma). After incubation, cells were washed twice with cold HBSS and stained using the PE-conjugated anti-CD11c antibody (PharMingen). Double stained DC were analyzed by a FACSCalibur flow cytometer. In addition, the parallel experiments were performed at 4°C to show that the uptake of dextran by BM-derived DC is inhibited at low temperatures.
Mixed Lymphocyte Reaction (MLR) Induced by DC Responder T cells used for the allogeneic T-cell reaction were isolated by MACS column (Miltenyi Biotec, Germany) passing through mononuclear cells from BALB/c mice. They were mainly composed of CD3 ϩ cells (Ͼ93%) when determined by staining with FITC-conjugated anti-CD3 antibody (PharMingen). BM-derived DC were treated with 50 mg/ml mitomycin C (Sigma) for 1 h and added in graded doses to 1ϫ10 5 allogeneic T cells in U-bottom 96-well microtiter culture plates. Cell proliferation during the last 18 h of 72 h culture was quantified by [ Assessment of ERK and p38 Kinase Activation by Western Blotting The cells were exposed to LPS or PL and following 15 min of incubation at 37°C, cells were washed twice with cold PBS and lysed with modified RIPA buffer (1.0% NP-40, 1.0% sodium deoxycholate, 150 nM NaCl, 10 mM Tris-HCl [pH 7.5], 5.0 mM sodium pyrophosphate, 1.0 mM NaVO 4 , 5.0 mM NaF, 1.0 mg/ml leupeptin, and 0.1 mM phenylmethylsulfonyl fluoride) for 15 min at 4°C. Lysates were cleared by centrifugation at 14000ϫg for 20 min 4°C. Protein content of cell lysates was determined using the Micro BCA assay kit (Pierce, Rockford, IL, U.S.A.). Equivalent amounts of proteins were separated by SDS-10% PAGE and analyzed by Western blotting using an anti-phospho-ERK (Santa Cruz, CA, U.S.A.) or anti-phospho-p38 (Santa Cruz, CA, U.S.A.) MAP kinase mAb for 1 h as described by the manufacturer of the antibodies. Following washing three times with TBST, membranes were incubated with secondary HRP-conjugated anti-mouse IgG for 1 h. After washing for 10 min four times, the blots were developed using the ECL system (Amersham) by following the manufacturer's instructions.
Preparation of Nuclear Extracts and Assessment of NF-k kB Activation by Western Blotting DC nuclear extracts were prepared using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL, U.S.A.), is according to the manufacturer's instructions. NF-kB p65 subunits in the nuclear extracts were determined by Western blot analysis with anti-NF-kB p65 subunit Ab (Santa Cruz, CA, U.S.A.).
Statistics The results were expressed as the meanϮS.D. of the indicated number of experiments. The statistical significance was estimated using a Student's t-test for unpaired observations. A p value of Ͻ0.05 was considered to be significant.
RESULTS
PL Induces Maturation of Bone Marrow (BM)-Derived
DC in a Dose-Dependent and TLR2 and 4-Mediated Manner We investigated whether PL isolated from P. linteus was able to induce the maturation of BM-DC. Stimulation of DC with 10, 50, and 100 mg/ml PL for 24 h resulted in a dose-dependent up-regulation of the costimulatory molecules CD86 and MHC class II molecules and thereby phenotypic maturation of DC (Fig. 1A) . Figure 1B (thick lines) shows that PL, similar to LPS, induced dramatic up-regulation of CD86 and MHC class II on the surface of CD11c ϩ DC. The up-regulation of these molecules was observed just after 6 h of stimulation and was not due to LPS contamination in the PL preparation, since PL did not show any effect in the presence of polymyxin B (PB, thin lines) or LPS inhibitors. PB effectively inhibited the surface expression of CD86 and MHC class II. Inhibitory effect of PB was increased by LPS, but it had no effect on untreated-and PLtreated DC.
Additionally, to assess whether PL-induced maturation of DC was initiated through TLR2 and TLR4, we examined the effects of anti-TLR2 and anti-TLR4 Ab treatment on PL-induced phenotypic maturation of DC to further characterize the membrane receptor of PL. As shown in Fig. 2 , anti-TLR2 and anti-TLR4 significantly decreased the PL-induced CD86 and MHC class II expression. Also, expression of CD86 and MHC class II in response to LPS was upregulated in BM-DC treated with anti-TLR2 Ab, but not anti-TLR4 Ab (data not shown). Therefore, these observations indicate that PL increases the costimulatory molecules CD86 and MHC class II molecules on DC through TLR2 and TLR4 signaling pathway.
PL Increases Intracellular and Bioactive IL-12 Secretion, But Not IL-10 from DC IL-12 production is also a functionally important marker for DC maturation and can be used as a method for selecting Th1-inducing adjuvant. As shown in Fig. 3A , intracellular staining of FITC-labeled CD11c ϩ DC with PE-labeled IL-12p40/p70 mAb revealed that PL-treated DC (100 mg/ml) expressed higher amounts of IL-12 p40/p70 compared with untreated DC, whereas IL-10 was little affected (data not shown). Whereas stimulation of DC with PL resulted in a response of IL-12p40/p70; preincubation of anti-TLR2 or anti-TLR4 Ab for 1 h led to an impaired response of IL-12p40/p70. Also, we analyzed the secretion of bioactive IL-12p70 by PL-or LPS-treated DC (Fig. 3) . When supernatants where analyzed by ELISA (detection limit, 7.8 pg/ml), IL-10 was also not detectable after PL stimulation (data now shown). The DC control group secreted a low concentration of IL-12p70 (21.4Ϯ8.1 pg/ml); DC stimulated with PL secreted higher concentrations of IL12p70 (70.9Ϯ10.1 pg/ml). LPS-treated DC as positive control produced high level of IL-12p70 (98.3Ϯ15.3 pg/ml). Enhanced secretions of IL-12p70 in PL-stimulated DC were dramatically decreased by the preincubation of anti-TLR2 (26.5Ϯ8.3 pg/ml) or anti-TLR4 (29.8Ϯ4.7 pg/ml) Ab.
Importantly, stimulation with PL markedly enhanced intracellular IL-12 p40/p70 production by the DC control, indicating that exposure to PL enhanced the capability of DC to produce high amounts of bioactive IL-12p70 through TLR2 and/or TLR4 signal pathway.
PL-Treated DC are Functionally Active with Low Endocytic Capacity
The phenotypic analysis and IL-12 production indicated that exposure to PL profoundly enhanced the maturation of in vitro-generated myeloid DC. As it is well known that immature DC lose their capability to endocytose in the process of maturation, 1, 2) we also examined whether PL-treated DC still possess an ability to endocytose or whether this property is lost after treatment. Untreated and PL-treated DC were incubated with dextran-FITC for 1 h at 4 and 37°C, and examined by flow cytometric analysis to determine the percentage of DC taking it up, and to quantitate the uptake by endocytosis. Control experiments for the potential nonspecific association of dextran-FITC with DC were set up in parallel at 4°C. DC in the absence of PL stim- were treated either with 100 mg/ml PL in the absence or presence of anti-TLR2 or anti-TLR4 Ab (5 mg/ml) for 24 h. The endocytic activity of the DC was determined by flow cytometer after treatment with dextran-FITC. Thereafter, the cells were washed twice with cold HBSS and stained using the PE-conjugated anti-CD11c antibody. The control endocytic activity was determined after dextran-FITC treatment at 4°C. The numbers represent the percentages of cells. To confirm the results, we repeated these experiment 3 times. ulation were quite efficient in the internalization of dextran-FITC (Fig. 4) . PL-treated DC had a substantially diminished endocytic capacity, indicating that PL induced DC maturation. PL was, therefore, an efficient inducer for DC maturation via TLR-2 and/or TLR4-signal pathway.
PL Enhances the Allogeneic T-Cell Stimulation by DC
The increased expression in surface markers involved in the presentation of antigen to T cells as observed in PL-treated DC suggests that PL can induce them to play a better role as stimulator cells in allogeneic T-cell responses. To test this possibility, DC were treated with PL, washed thoroughly after 24 h, and variable numbers of PL-treated DC were incubated for 5 d with a fixed number of partially purified allogeneic T cells. As shown in Fig. 5 , PL-treated DC could have 5-10-fold more potent T cell stimulators than untreated DC (Fig. 5A) . These effects were completely blocked by preincubation with anti-TLR2 or 4 Ab. Additionally, T cell activation was assessed by IL-2 release. Because DC did not produce IL-2, activated T cells in the cocultures were the only source of IL-2. DC stimulated with PL induced IL-2 secretions from T cells, whereas DC, in the pretreatment of anti-TLR2 or anti-TLR4 Ab, stimulated with PL did not induce inhibited IL-2 secretions of T cells (Fig. 5B) . These results, therefore, suggest that the activation and maturation of DC by PL might be crucial for functioning as potent stimulatory cells via TLR2 and/or TLR4 in inducing primary T-cell immune responses.
PL Is Involved with ERK, p38 Kinases, and NF-k kB p65
Translocation To elucidate whether mitogen-activated protein kinases (MAPK) were activated by PL and inhibited by corresponding signal pathway inhibitors in our experimental conditions, DC were treated with 100 mg/ml of PL or 100 ng/ml of LPS (positive control); and activation of ERK and p38 kinases was measured as phosphorylation of the proteins; and the NF-kB pathway was determined as nuclear translocation of NF-kB p65 subunit by Western blot. PL and LPS were found to induce the phosphorylation of ERK1/2 and p38 MAPKs in DC (Fig. 6A) . Additionally, both PL and LPS were found to strongly induce the p65 translocation in DC (Fig. 6B) . These results show that PL induces the activation of NF-kB, p38, and ERK1/2, which are the downstream effector molecules of the TLR2 and/or TLR4 signal pathways.
To evaluate the effect of ERK and p38 activation on the expression of surface molecules and intracellular IL-12 production in DC, immature DC were treated with a specific MEK 1 inhibitor or p38 inhibitor before PL stimulation. Pretreatment with 30 mM of PD98059 (a specific inhibitor of MEK 1; 734Ϯ76), SB203580 (a specific inhibitor of p38; 598Ϯ56), and PDTC (an inhibitor of NF-kB; 658Ϯ37) remarkably inhibited PL-induced up-regulation of the expression of CD86 and MHC class II (Fig. 7A) , and the production of intracellular IL-12p40/p70 (Fig. 7B) . The results indicate that ERK, p38, and NF-kB are involved in PL-induced regulation of CD86 and MHC class II; and IL-12 expression in murine DC. cer vaccines as a novel immunotherapy. [1] [2] [3] [4] DC activate both naive and memory CD4 ϩ and CD8 ϩ T cells [35] [36] [37] and seem to meet all requirements as a strong immune-activator for anti-tumor immunity or immunity against microbial infection. [38] [39] [40] Located in most host tissues, DC function as immune sentinels for infectious agents and inflammatory products of bacteria. Immature DC can capture antigens in peripheral tissues and undergo maturation processes to stimulate naive T cells in secondary lymphoid organs. The aim of this study was to determine whether PG induces the phenotypic and functional maturation of DC through the TLR signal pathway. The DC stimulated with PL resulted in increased surface expression of CD86 and MHC class II in does-dependent manner. PL also induced the reduction of endocytosis and the enhancement of intracellular IL-12p70, suggesting that PL treatment directly induces DC to mature. PL-treated DC were much more potent antigen-presenting cells in an allogeneic immune response than untreated DC.
Biologically active polysaccharides isolated from Ganoderma and Candida have been shown to induce the phenotypic and functional maturation of murine DC. 12, 13) However, the molecular basis of the signal transduction pathway activated by these polysaccharides is not fully understood, mainly due to the lack of the identification of specific cellsurface receptors, especially DC. TLRs are a family of proteins that play an essential role in the recognition of invading pathogens and the activation of cytokine production by DC and macrophages. TLRs are sentinel receptors capable of recognizing PRRs and initiating innate immune responses. The members of the TLR family play different roles in PRRs signaling and are not equally expressed on immune cells. Further, it has been suggested that different mechanisms may control IL-12 and TNF-a production. [41] [42] [43] As described before, the stimulation of TLRs leads to the activation of several MAPK pathways, suggesting that TLRs have or share a common signaling pathway. [44] [45] [46] The activation of a MAPK pathway subsequently induces gene expression by activating several transcription factors, including NF-kB and AP-1. 47) Our results provided evidence for PG stimulation of murine DC via TLR 2 and/or TLR4 resulting in the activation of MAPK. The roles of ERK and p38 signaling in the TLR pathway induced by PL were investigated. Both ERK and p38 kinases were activated in DC stimulated with PL. Pretreatment with MEK1 or p38 inhibitors suppressed increase of CD86 and MHC class II molecules, and IL-12 production. 17, 23, 27) In support of this, pretreatment of DC with PD98059 (ERK1/2 inhibitors) or SB203580 (p38 inhibitors) decreased CD86 and MHC class II, and IL-12 production. NF-kB activation is essential for the expression of a variety of cytokines in the proinflammatory cytokine and LPS responses. 23, 27) The reactive oxygen intermediate scavenger PDTC is a potent NF-kB inhibitor. When used at a dose of 15 mM, PDTC inhibited PL-induced NF-kB p65 subunit nuclear translocation, as well as the up-regulation of surface molecules (CD86 and MHC class II) and IL-12 secretion, suggesting that the NF-kB pathway is important in the PL-mediated TLR signaling in DC.
Excessive activation of TLR signaling could be detrimental and lead to tissue injury, including inflammation and autoimmune diseases, such as Crohn's disease and inflammatory bowel diseases. 48) Moreover, the administration of LPS to mice can result in the manifestation of septic shock in a TLR-4 dependent manner. 49, 50) However, it is now evident that mammalian TLRs stimulates an innate immune response and increases an adaptive immune response that augments both cell-mediated and humoral immune responses. 51) Based on this point of view, it would be possible to exploit the TLR activation pathway, as a means of inducing immune responses, for treatment of infectious disease and cancer. It is intriguing to speculate that mushroom-derived polysaccharides can directly activate innate immune response by mediating TLR signaling, because natural polysaccharides have been safely used as ingredients of traditional medicines for a long period in many oriental countries. Moreover, they have not been associated with any detrimental tissue injuries, which can be caused by LPS, at their biologically effective concentrations. 49) This fact allows this polysaccharide to be viewed as a promising candidate ligand of TLRs.
In conclusion, PL enhances the phenotypic and functional maturation of DC via TLR2 and/or TLR 4 pathways. As previously reported, PL has several different immunomodulating activities, including the augmentation of DC maturation. Therefore, it may be speculated that PL augments the antitumor effects of DC-based immunotherapy. We are currently investigating the in vivo anti-tumor effects of combination therapy involving PL and DC in a tumor-bearing mouse model.
